Abstract: Twenty-five isolates of dissimilatory sulfate-reducing bacteria were clustered based on similarity analysis of their phospholipid ester-linked fatty acids (PLFA). Of these, 22 showed that phylogenetic relationships based on the sequence similarity of their 16S rRNA directly paralleled the PLFA relationships. Desulfobacter latus and Desulfobacter curuatus grouped with the other Desulfobacter spp. by 16S rRNA comparison but not with the PLFA analysis as they contained significantly more monoenoic PLFA than the others. Similarly, Desulfot'ibrio africanus clustered with the Desulfouibrio spp. by 16S rRNA but not with them when analyzed by PLFA patterns because of higher monoenoic PLFA content. Otherwise, clustering obtained with either analysis was essentially congruent. The relationships defined by PLFA patterns appeared robust to shifts in nutrients and terminal electron acceptors. Additional analyses utilizing the lipopolysaccharide-lipid A hydroxy fatty acid patterns appeared not to shift the relationships based on PLFA significantly except when completely absent, as in Gram-positive bacteria. Phylogenetic relationships between isolates defined by 16S rRNA sequence divergence represent a selection clearly different from the multi-enzyme activities responsible for the PLFA patterns. Determination of bacterial relationships based on different selective pressures for various cellular components provides more clues to evolutionary history leading to a more rational nomenclature.
Introduction
The purpose of this study was two-fold. First, to determine the relatedness of known dissimilatory sulfate-reducing bacteria (SRB) based on the patterns of phospholipid ester-linked fatty acids (PLFA) from isolates recovered from marine and freshwater environments. Second, to compare this phenotypic characterization of relatedness to phylogenetic relationships based on 16S rRNA sequence similarities. Data from both approaches can be utilized to rapidly identify specific strains after isolation and in many cases directly within environmental samples without prior isolation and cultivation. In a study of methane-oxidizing bacteria the relationships determined by similarity in PLFA profiles closely paralleled phylogentic relationships [1] . Since the relationships indicated by the highly conserved 16S rRNA and the presumably more broadly selected multi component systems responsible for the PLFA patterns showed such marked agreement, it became important to examine other groups of bacteria to determine the general applicability of this family. Insights into bacterial evolution could come from examination of differences between phylogenetic grouping and grouping based on phenotypic expressions of homologous bacterial pathways. Table 1 Isolates, sources and origins of sulfate-reducing bacteria
Materials and Methods

Bacterial strains
The species, sources, and origins of the SRB are listed in Table 1 . All samples were received as frozen lyophilized pellets except Desulfovibrio longus, Desulfobacter latus and Desulfobacter curvatus. Growth conditions for the lyophilized cells have been previously reported (see Table 1 for sources). D. longus was received as a viable culture in media described by Magot et al. [2] . D. latus and D. curvatus were received from ATCC as viable cultures in ATCC media 1648. These bacteria were cultured anaerobically in ATCC media 1648 at 30°C, then harvested by centrifugation at the end of the exponential growth phase, for lipid extraction.
Extraction of phospholipids
The equivalent of 1-20 mg dry weight of bacterial cells was extracted in a Bligh and Dyer [3] Key Strain Source Origin [17] . Table 2 Mole percents of major phospholipid ester-linked fatty acids of sulfate-reducing bacteria single-phase solvent system modified to include phosphate buffer [4] . The total lipid extract was separated into lipid classes by silicic acid column chromatography as detailed previously [4] . The PLFA were prepared for gas chromatography (GC) analysis by a mild alkaline transesterification [4] . The resultant fatty acid methyl esters (FAME) were separated, quantified and identified as described [5] . Fatty acid double bond positions were confirmed by GC/MS (HewlettPackard 5995A) analysis of the dimethyl disulfide adducts of the mono-unsaturated FAME as described [6] .
Fatty acid nomenclature
Fatty acids are designated as A : BwC, where A is the total number of carbon atoms, B is the number of double bonds, and C is the position of the double bond from the aliphatic (w) end of the molecule. Double bond geometry is indicated as 'c' for cis and 't' for trans. The prefixes 'i' and 'a' denote iso-and anteiso-methyl branching, respectively; 'cy', designates a cyclopropyl moiety.
16S rRNA sequencing
Details of reverse transcriptase 16S rRNA sequencing, phylogenetic analyses, and relationship rRNA sequence similarity to DNA relatedness were previously described [7, 8] .
Statistical analysis
The PLFA profiles of the bacteria were treated as multivariate data and analyzed using hierarchical cluster analysis. Dendrograms were constructed using an incremental sum of squares method with the PC-based software package, Ein * Sight (Infometrix; Seattle, WA). The dendrogram presented is essentially identical to others produced with other clustering algorithms available through Ein * Sight and the mainframe software package SPSSX (Version 3.0, Chicago, IL). PLFA representing < 0.1 mol% were excluded. Similarity values (1 = identical) were determined by the Ein * Sight program using modified Euclidean distances and shown as the length of the branches of the cluster.
Results and Discussion
PLFA data in terms of mol% of the component FAME from the extractable polar lipids is given in Table 2 . Cluster analysis of the PLFA patterns agreed favorably with phylogenetic relationships inferred by 16S rRNA sequence comparisons (Fig. 1) . The 16S rRNA relationships are based on the percent sequence similarity [7, 8] Fig. 1 . Relationships between the sulfate-reducing bacteria based on hierarchical cluster analysis of the phospholipid ester-linked fatty acids with % similarity given (left side) and phylogenetic relationship based on 16S rRNA sequence similarity with % identical sequence given (right side).
homology value for a species) correlates with 98% 16S rRNA sequence similarity; and 20% DNA relatedness (genus level) correlates with 94% 16S rRNA sequence similarity [8] . The PLFA similarity values represent the Euclidean distances as determined by the Ein * Sight program. Any cluster having a similarity index < 0.25 is considered dissimilar with respect to the other clusters [9] . Of the 25 isolates examined by PLFA analysis only three did not cluster as expected based on 16S rRNA sequence comparisons. These were D. Geobacter metallireducens grouped with Desulfuromonas acetoxidans as was reported [13] .
Use of PLFA profiles for discerning phylogenetic relationships can be complicated by changes induced by shifts in nutrients. The PLFA patterns of two Desulfobacter species and D. acetoxidans when grown with acetate and volatile fatty acid supplements which they cannot oxidize, induced a shift toward odd-numbered and branched chains by apparent direct incorporation into the fatty acids as chain initiators [10] . These conditions are unlikely to occur in sediments where the volatile acids are acetate, a small amount of propionate and traces of higher fatty acids [14] . Vainshtein et al. [15] found shifting the medium components had little effect on the PLFA (plus ester-linked lipopolysaccharide hydroxy fatty acid (LPS-OHFA)) patterns of the Desulfovibrio spp. they examined. In Fig. 1 As with the methane-oxidizing bacteria [1] , the SRB showed a close agreement in relationships determined by PLFA patterns and 16S rRNA sequence similarities. The shifts in lipid composition induced by changes in growth conditions did not seriously affect the relationship analysis by PLFA.
Analysis of the lipopolysaccharide hydroxy fatty acid (LPS-OHFA) from the lipid A and the inclusion of the hydroxy fatty acids in the patterns should increase the precision of the analyses. Inclusion of the LPS-OHFA is important in eliminating an artifactual close relationship of the Gram-positive SRB with the Gram-negative SRB. This is evident for Desulfotomaculum nigrificans, ferences which is reflected in the 16S rRNA. In general, inclusion of LPS-OHFA should add to the utility of phenotypic relationships based on similarities in fatty acid patterns but has a small effect as the proportions of LPS-OHFA are a relatively small part of the total. Not including LPS-OHFA (as many were not available) in the data used for Fig. 1 did not seriously affect the relatedness parallel to the 16S rRNA.
